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lems associated with the machining of Kevlar 49, an aramid fiber material used in
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cutting, and drilling Kevlar laminates. Results from the program will be disseminated
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INTRODIUCTION AND SUMNIARY

This program was initiated to investigate/develop tooling and techniques needed to perform
clean, efficient machining operations on Kevlar laminates. Kevlar is the trade name for an
aromatic polyamide fiber developed by E. 1. DuPont. This high strength, low weight rein-
forcenent is presently being used in many structural and nonstructural aircraft applications.
The investigation included two different Keviar laminates, one with an Epoxy matrix and
one with a polysulfone matrix.

Kevlar reinforced laminates have presented the aerospace industry with machining difficulties
due to their tendency to fibrillate or "fuzz" when machined with conventional tools. (See
Figure 1 below.) Considerable data was generated in attempting to solve this problem:
much of it was conflicting and applied only to specific applications. The cost of production
has suffered due to ill-detained parameters such as feeds, speeds, and tool configuration.

2L

F

Figure 1. Fibrillation or "Fuzzing"

Caused by Router Cut
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The overall objectives of this program are:

* Determnine and evaluate state -of -the-art cutting tools and machining

techniques

* Identify deficiencies of existing tools and techniques

* Identify and verify tools and machining techniques to eliminate/

reduce deficiencies

Fhe prog~rami vWas organized into the following major tasks:

Phase I - Technology Survey

Siirve- of literatuire zwd selected vem!(uuI, /dexeluiers4 t'

deternme the state of the art relat)%ve to) 1 is, :)rucesses, ann

Phlase 11 - lDevelopiient ot Evaluatinnl

Evaluation of looliiig and eqaipnient identified in Phase 1; modification oI

selected tools; investigyation of state-of-the-art cuttina equipm-ent: investi-

gation of Polysulfone I Ievlar larninate machining.

Phase III - '.Manufacturing Methods Developmient

1-xvalitation of production scale-np problems: investigatiun and

integratin of automation into the prodoctiorn linec.

lDesilgn Guide I Iandllonl\ 1fficient Mlachining Mlethods and Cutting, Tools tor
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PHASE 11 - DEVELOPMENT OF EVALUATION

During Phase 11, the performance of tools identified in Phase I "as verified
and their capabilities and limitations were furth, defined. Selected

tools %%ere nodified and evaluated for increased efficiency. In addition,
state-of-the-art machining procedures were examined. Tools and equipment
were evaluated for machining rate and quality on both epoxy/Kevlar and

polysulfone/Kevlar laminates.

TEST SPECIMEN PANEL DESCRIPTION

The epkxy/,evlar panels were fabricated using vacuum pressure. Materials
iused oere APCO 2434/2347, and style 281 Kevlar fabric. Thicknesses were

o. u-,, 0. 12., 0. 18 and 0. 38 inch.

The ptIysullfone/Eevlar panels %%ere autoclave cured using P1700 polysulfone

and cross-plied inidirectional Kevlar for one panel and Kevlar 285 fabric for
the ,ther. Thicknesses %-ere U.0Go and 0. 12 inch respectively. The target

resin content for all test panels was 40 *5 percent.

MODIFIED TOOLS

Modified Drill Bits -A special tip grinding procedure was developed for

modifying standard drills into drills capable of long run, quality Kevlar
laminate drilling. Conventional drills are designed to start cutting the holes

in the center. This forces chips against the walls of the hole,creating heat
and swelling in a Kevlar laminate. The modified drills cut material toward

the center of the drill and minimize packing. In addition, the modified drills
c,it %xith a shearing action at the hole diameter, eliminating fibrils and mak-

in, a clean hole. The nodified tip configuration is shown in Figure 2.

Three different standard drills were modified: one high speed steel (HSS)
twist drill, one carbide twist drill, and one parabolic flute drill. (See
Figure 3. )

The results of the testing of these three modified drills are presented in the
following sections. The best results were obtained using the modified parabolic
flute drill bit (Figure 3, bottom bit), probably because it offers more relief

for the removal of chips. (See Figure 4. ) These drill bits wer, effective

both off-hand and bushing guided.

13
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Figure 2. Modified Drill Tip

Figure 3. Modified Drill Bits
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STANDARD TWIST DRILL PARABOLIC FLUTE DRILL

Figure 4. Cross-Section View of Standard Twist and
Parabolic Flute Drills (Shows the Difference

in Chip Relief Area)

The modification of the standard drills for this program was dutn, frcchand
on a conventional bench grinder. However, in order to maintain the center
on the drill point and hence an accurate hole diameter, a grinding fixture is
recommended. Figure 5 illustrates the procedure for modifying a standard
drill.

The modified drill resembles the old 'thin sheet' drill; however, there are
important differences that, while they are not easily noticed, greatly affect
performance. The steps illustrated in Figure 5 show the procedure for
modifying drill bits freehand.

The setup for Steps I and 2 shows the tool rest at a 15-degree angh-. This
becomes the lip relief angle of the drill. The front view of the grinding wheel
shows a 35-degree angle line which is the angle at which the drill is fed into
the grinding wheel. The 35-degree angle allows the center of the drill to
extend beyond the forward cutting points of the land after the drill has been
ground.

In grinding Steps 1 and 2, the rotational position of the drill bit is very
important. The chisel edge must be in a vertical position so that the grind-
ing cut is parallel to the chisel edge angle. After grinding one lip, the
drill is rotated 180 degrees to grind the opposite lip.

The final grinding steps, Steps 3 and 4, are done without the tool rest. The
drill bit is ground on each side to reduce the helix angle, forming a cutting
edge at the center of the web and bringing the chisel edge to a point.

15
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350

STEPS 1 & 2 STEPS 3 &4

Figure 5. Grinding Procedure for Modifying Standard Drill

Modified Circular Saw Blade - A 60-tooth carbide tipped blade was specially
ground to cleanly and efficiently cut Kevlar laminates. After several
attempts, a grinding procedure was developed that resulted in a noticeable
improvement in cutting over standard carbide tipped blades. Figure 6
shows the tooth angles of the specially ground blade.

Finishing Mill Cutter -A mill cutter was designed especially for edge
finishing Kevlar laminates. (See Figure 7.) This miA cutting tool is limited
in depth of cut, but is effective for cleaning up rough edges.

16
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3 Figure 6. Tooth Angles of Specially Ground Carbide
F Tipped Circular Saw Blade

EVALUATION OF CONVENTIONAL TOOLS

Contrary to popular belief, Kevlar is not appreciably more difficult to

machine than graphite or fiberglass. Although the Kevlar fibers are tough,

they are easily cut by sharp tools with the proper cutting angles. It should

be noted, however, that since heat over 3500 F tends to permanently swell the

edges of the cut, tools must be kept cool during the machining operations.

In the study of the conventional tools, a brief preliminary evaluation was

conducted on a wide variety of tools, and the tools that appeared less
efficient were dropped from evaluation. Although this type of evaluation was

necessary because of time constraints, some tools may have been prematurely

eliminated. (See Table 1, Conventional Tool Evaluation.)

Drill Bits - Among the drills evaluated were the Standard HSS twist, solid

carbide twist, single flute (spade), and standard parabolic flute; in addition,

the Standard HSS twist, solid carbide twist, and parabolic flute were each

evaluated with the modified tip.

17
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Figure 8. H-ole Quality Using Standard FISS Drill
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TABLE 1. CONVENTIONAL TOOL EVALUATION MATRIX

CUTTING -E V A L U A T 1 0 N
TOOL DESCRIPTION SIZE SPEED RATE QUALITY COMMENTS

4 M. Ci

Crrculai Sa. Cdrbicde Tipped 7'. 40 Tooth 3500 SF PM [) F PM (;, ii L,qr h ,Ie

Rerrrrrrtn (;,,t Etlije Circular 10' [D.a 4500 SFPM 6 FPMv r,rrr Nor tr'orr ...... ril'r , ..

Cu~toff Blade ConnPosmjrtr 10'' IDa 4500 SF PM PrrrG,,tlra r, ,t

4 Mat'
Band Saw Wavy Set "32 Tooth 650 SF PM 2 FPM Grrrr

Band Sawv Knife Edge 1000 SFPM 10 FPM Good 32 111-s 281 0,, -Vr ,.r f"

Band Saw Scalloped Knife Edyc ' 1000 SF PM -1 0 F PM P(On' 32 phes 281 sty Ir, o v,, ' 1,1

Saber Savv Bosch Ti S1 A 1 20 TP! 191 SFPM 2FPM (;owr

Saber Sawv - Bosch T101P 191 SFPM 4 FPM 6orrr

Saber Saw -Arrtech AR3925 191 SFPM 2 1:PM G-oodl Spevc,,l ad,. hIr1 ii'sl

Saber Saw Bosch T1i30 Course 191 SFPM I FPM Good lo rrei (rl'5l0t i,; (,tI

Salber Saw Knife Edge Bosch 11 SA 2 191 SFPM 10 FPM Good 2 pres 281 style 1O, Or''iro

ScrollI Saw Not anal able,

D-01 HSS Standad Twist ~ '135" 600 RPM Poo, Rejected

Drill Solid Carbide Twist ,'1350 600 RPM Poor Rejected.

Carbro Sinqie Flute Drill r'600 RPM Poor Rejectied

Turboflute Dril 600 RPM Poo, Rejected.

Ccruntersrnk 2 Fuote Standard BOO RPM Poor Reiected

Weldon Courtteisink 600 RPM Good Overheaits last

Route, Opposetd Helical 24,000 RPM 6' torn Good Car lbdi hor Wiok"' ci 'ar''r'r tool ,rrri

Router Di[amond Cut Carbcide '"24,000 RPM Poo, Rejected.

Hocj Mril Omcoit 1'' 4.000 RPM 6' -mm Good SUrtlhr, tl ht'dVV Sect11

1460 Strokes
Bosch Nibbler Model 7501 14 G A per rcrrrr 2 FPM Excellent Clean arnd ,ccornmr.o

Circular Saw Carhrde Teeth
(Modiried) Mod al 10'' 60 Trcothr 4500 SF PM 61 PM Goon No advarrtacj o, st.,rjrr 1)Ad

Counttersrnk Se r ated 600 RPM NVA Poor Urv~atrslactor, i -,h

HSS Twrst Drill Modified ''''re,*' 600 RPM 24 sec rr Goord Excellent wrth btackupi

Solid Car bile Twist Drill
(Modified) '600 RPM 20 secrrn. Good Escellerri tor craphlrrt orrrlr)S1t,

Tinrlolute or Paraflute' ri'll
(Modifiedl ' ' 750 RPM 24 s-c/r Good Excellerrt wrirho rrk~ir

Router Speciral Desiqn

Crrcular Sawv Caride Teethr
(Modifred) Mod *2 10'' 60 Tooth 4500 SF PM 16 F PM Good Mo'. rttectrar' tlrar starrilir
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All of the unmodified drill bits except the spade bit produced unsatisfactory
holes that were rough, fuzzy, and had backside delaminations. The
spade drills produced satisfactory holes in the thinner laminates, but being
centerless they required guides or bushings. In addition, the spade drill
was delicate and subject to a high breakage rate.

The modified twist drill and the modified parabolic flute made satisfactory
holes in laminate ranging in thickness from 0. 0t to 0. 38 inch. The drills
performed satisfactorily off-hand with a drill press and using drill bushings.
During Phase II tests, 100 holes were drilled in a 0. 18-inch-thick laminate
without a decrease in hole quali'y.

The modified parabolic flute is the most effective of all the evaluated
drills, probably because of the greater chip relief area discussed previously.
(See Figure ), )

Countersinks - Three countersinks were evaluated: a standard severance
two-fluted bit with micro stop, a four-fluted severance countersink with
serrated lips (made especially for Kevlar), and the Weldon deburr and
countersink tool. (See Figure 10.

Of the three countersinks evaluated, the Weldon countersink tool made the
cleanest countersink surface, as is shown in Figure 11. The standard

two-fluted countersink left a rough countersink surface and dulled quickly.
The serrated four-flute1 countersink had better tool life but again made a
rough surface.

PARABOLIC FLUTE DRILL

WITH STANOARD SP[ IT POIN-

PARABOLIC FLUTE DRILL

WITH MODIFIED LIP FOR KEVI AR

Figure 9. Parabolic Flute Drill Modification
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FOUR-FLUTED
SEVERANCE

WITH SERRATIONS

STANDARD
TWO-F LUTED
SEVERANCE

WE LOON

Figure 10. Countersinks

F-igure 11. Countersink Evaluation
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The Veldon countersink does not require modification. It is designed with
the proper cutting configuration for Kevlar composites. lHowever, care
must be taken to prevent ovcrheating, and a water coolant is recommendo-d.

Router Bits and Mill Cutters The result of an edge trimmed with a diamond
cut carbide router (Figure 12) is shown in Figure 1. Most conventional

routers produce the sane results.

The opposed helical router (Figure 13), which is designed especially for
routing Kevlar composites, produces a very satisfactory cut. However, care
must be taken to keep the laninate on the cutting center line. In addition,
the configuration makes the bit somewhat subject to breakage, and cutting
speeds less than the usual 20, 000 rpm are recommended for the smaller
diameter bits.

Figure 12. Diamond Cut Router Bit

_CUTTING

CENTER LINE

Figure 13. Opposed H1elical

R outcr Bit
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A I-inch- (iameter flogmill (Figure 14) was use( to route the ed ~e of a
0. i8-inch-thick tievlar panel. The cutter appears to he a satisfactory

method of removing thick sections of material, although the cut is left with

slight lateral grooves and requires finishing.

The specially designed mill cutter discussed in the Modified Tools section

and shown in Figure 7 is effective fo. finishing Kevlar laminate edges.

Circular Saws - Since circular saws make only straight cuts, they are some-

what limited in their application to aircraft composite production. These
blades do have a wide thickness capability and easily cut the full range of
thicknesses investigated in this program (0. Oo to 0.38 inch).

For most applications a standard 60 to 64 tooth carbide tipped blade is

sufficient. For more demanding jobs a carbide tipped blade ground to the
configuration shown in Figure 6 will give superior results.

Best results were obtained at a cutting speed of 4, 500 surface feet per
minute (SFPM). Also, a water coolant is required for heavier cuts. A
small amount of fuzz clings to the bottom edge of the cut, but it can be

easily removed with a finishing wheel.

Grit-edged circular saw blades make a clean cut but become clogged with
Kevlar fibers after a few inches.

The composition blade used for metal cutoff purposes is useful for cutting

cross sections of investigative samples of IKevlar with nctal inserts, but

here again, the blade becomes clogged within a few inches.

Figure 14. Hogmitl
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Figure 15 shows the carbide tipped and the grit-edged saw blades.

Sabre Saw Blades - Five sabre saw blades were evaluated using an air-driven

sabre saw with a I-inch stroke and a 2,000- to 2, 500-stroke-per-minute
capability. (See Figure 16. ) This saw was also equipped with a blade
orbiter; however, cuts made with the blades using straight reciprocation
were cleaner and faster.

CARBIDE TIPPED GRIT EDGED

Figure 15. Circular Saw Blades

Figure 16. Sabre Saw
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Of the five sabre saw blades investigated (see Figure 17), the 22-tooth-per-
inch wavy set blade made one of the best cuts. A special Kevlar cutting
blade with a repeated pattern of reversed teeth made an equivalent cut but
is a much more expensive tool. A IU-tuuth-per-itich wavy set blade made
a faster b,-t somewhat rougher cut. A coarse, carbide grit blade also made
a satisfactory cut and did not have the severe clogging problem exhibited
by the grit-edged circular saw blades.

An unsuccessful attempt was inade to use a knife-edged blade for cutting thin
laminates. Hlovever, this blade proved outstanding for cutting dry Eevlar
fabrics.

Band Saw Blades - Most band saw operations are done as a rough trim
close to a scribed line. A sander and finishing wheel are then used to
complete the trimming to the line. With the exception of this inability to
precision cut, band sawing is effective for Kevlar laminate trimming.

FI

1AL

S

22-TOOTH/INCH 10-TOOTH/INCH COARSE ALTERNATING KNIFE-

WAVY SET WAVY SET CARBIDE TOOTH EDGED
GRIT-EDGED

Figure 17. Sabre Saw Blades
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Fioure 18. Band Savv Blades
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1222TOHWAVY SET tI00 12 00 100 1000 800 600
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T\.Il an~accd techtiolo,-, cuttimn ethods are finding acceptance tnrii-tvl it

Inut\ the laser andA t!he \'ater-Jet cu.ttter. The principal \\fr ,i-

:)roug ran; was directed to \\ atkur- jet cutting te chnoloqy beca us e ol bo(thi

,he ava ilai i ty -f the \ate r-je t to 11111 and the belief that the \\ate r -. let is

i:. ore adaptable to thie ai rcraft produc tion e nvi ronmient.

in addition to these raii cutting, systems, the slo\% cutting reciprocatino

jinnicoatedi wire, -a\\% -,\s also investigated.

Figure 19. Nibbler
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Figure 20. Abrasive Disks and Finishing WXheel

Laser- Laser cutting of t-evlar/epoxy laminates nr,&I.- a har-,
clean edge with little discoloration at speeds unrivalled by other nethods.
However, the depth of cut is restricted (approximately 3/8 inch for a
1, 000 watt laser), and expertise is required by the operator because of the
dangers of high voltage, radiation exposure, and hazardous fumes.

The laser lends itself to automated cutting of flat or slightly contoured
parts, but has ot to date been used for complex contour part machining.

Two references are presented below that detail laser cutting techniques
and methodology.

1. For general laser information:

Lasers in Modern Industry
B y John I. Ready
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Published by:
Society of M lanufacturing Engineers
One SME Drive, P. 0. Box 930
Dearborn, Michigan 48128

2. For specific Kevlar laser cutting:

Laser Cutting of Kevlar Laminates
By R.A. Van Cleave

Ref: BDX-613-1877
U.S. Dept. of Comnmerce
National Technical Information Service

Water-Jet - Water-jet cutting is accomplished by severing material with a
highly columnated stream of water, traveling at high speed and under extreme

pressure. The schematic below (Figure 21) illustrates the basic coniponents
of the water-j.t cuttt'r. The major componttits art- a low prcssuro pump,
intensifier, accumulator, on-off valve, nozzht-, and catchk r (drain).

ACCUMULATOR .
THE ACCUMULATOR SMOOTHS

HIG-PESURPRESSURE WITHIN 5

ITUNSINGICRRET-EWARAN

OIL FLLW VOM ITI

EL MTHE ON-OFF VALVE STARTS AND
STOPS THE CUTTING ACION.
F MANUALCONTROL

TO PUOVIAEICREENMOVEMEN

HIGH-PRESSURE STAINLESS-STEEL AUOAILOTO

TUBING CARRIES TNE WATER ANY
WATER-IN' R EQUIRED DISTANCE "THE

CUTTING STATION.

THE NOZZL L

FLEXIBLE ARM CAN BE USED
TO PROVIDE FREE MOVEMENT

OF THE NOZZLE.

TO DRAIN OR RECYCLEL.

Figure 21. Water-Jet Schematic
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1111I evaluated two different water-jet setups. The major portion of the work
was done with a water router. "r'his is a hand-held device with an overhead
k:<'-*1!tc'1),1l<111cc slipport (sec !.il-urtc ' ).

This systen was effective to about a 1/8 inch thickness. Thicker specir.ens
began to show roughness and backside delaminations. In order to eliminate
nozzle :naintenance and orifice wear, the pressure setting is limited to
It) t psi, resulting in a working pressure of about 45, 000 psi.

The water router wvas evaluated for cutting speed and quality of cut through
the full range of Kevlar laminate thicknesses under investigation. The
results of this evaluation are presented in Table 3, WAater-Jet Rouitcr
Evaluation. The test results show the quality of the cut beginning to degrade
at 0. 18 inch taickness with unsatisfactory cuts at 0. 31 inch thickness.

The second water-jet evaluated was a fixed position nozzle with a variable-
speed feed table. The press~ire on this eqjipnient ."as set at 5), UU0 psi.
This fixed position water-_ie' \\as easily azble to cut the niaxi ,umni thickness
laninate investigated on this prugrani (U. 38 iinch) and appeared to have
capabilities up to 1. U inch thicktness. See Table 4, Fixed IHeat XV ater-Jet
Evaluation.

SWITCH (2)

~-SWIVELS
CONTROL
HANDLE '2)

IMPINEMENTYOKE

Figure 22. Water-Jet Router
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TABLE 3. WATIR-JET RO '1'R EVALUATION

JEWEL CUTTING

IN PRESSURE CUTTING AREA OF TIME FOR
TIN.) ON.) , (PSI) TIME (SEC) CUT (IN2 ) 100 IN2 (MIN) QUALITY

0125 0012 45,000 41 6 114 FAIR

0 125 0012 45.000 28 6 77 FAIR

0 125 0012 45,000 57 6 1 15 83 FAIR

0 180 0012 45,000 100 864 19 29 POOR

0 180 0012 45,000 90 864 17 36 POOR

0 180 0012 45,000 105 864 20 25 POOR

0060 0012 45,000 14 2.88 8 1 GOOD

0060 0012 45,000 11 2.88 63 GOOD

0060 0012 45,000 85 288 4.9 GOOD

0060 0016 45,000 14 2.88 8 1 GOOD

0060 0016 45,000 9 288 5 2 GOOD

0060 0016 45.000 12 288 69 GOOD

0180 0016 45,000 134 864 25.84 FAIR TO GOOD

0 180 0016 45,000 131 864 25 27 (OOF

0 180 0016 45,000 66 864 12 73 GOOD

0 125 0016 45,000 45 6 1249 GOOD

0 125 0016 45.000 47 6 1305 GOOD

0 125 0016 45,000 44 6 1222 GOOD

0310 0012 45,000 140 14 88 1568 POOR

0310 1 0016 45,000 186 1488 21 04 POOR

TABLE 4. FLXF) IFAD WATER-JET EVALUATION

W or king Orifice Cutting

Thickness Pressure Size Speed
(io. ) (psi) (in.) (FPM) Results

0. 06 50, 000 0. 007 10 (ood

0. 38 50,000 0.012 1 ood
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A new development in water-jet cutting is the oscillating head. The
water-jet head is oscillated in such a manner that a tapered kerf is cut in
the laminate; in this way the jet is not dissipated against the walls as rapidly
and thicker cuts are possible (see Figure 23).

Although the oscillating head is not needed to cut the maximum thickness
investigated in this program (0. 38 inch), it Inay be advantageon s for rmuch

thicker cuts.

Reciprocating Wire Saw - Kevlar laminates of any thickness can be cut with
a . 2ciprocating wire saw. (See Figure 24. ) This reciprocating mechanical
wire cutter uses diamond impregnated wire, sized 0. 003 through 0. 016 inch
diameter, that reciprocates on a grooved drum. The saw cuts with a type
of lapping action and does not generate appreciable heat. It does not load,
and produces a cut of very high quality.

Unfortunately, the very slow cutting speed of this equipment relegates it to
specialized cutting applications such as sample cutting. The ability of the
wire saw to cut Kevlar laminates in combination with any hard material
makes it a good method for cutting investigative samples.

Specifics of the panel cutting operation are shown in Table 5.

F IXED OSCILLATING - I rA. 7
HEAD HEAD C

JET DISSIPATED AGAINST CENUT

WALLS, NO LONGER CUTS, CU SIE
BOTTOM SIDE DAMAGE

Figure 23. Theory of Oscillating Head
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WIRE GUIDE dRESERVE

PULLEY CAPSTAN WIRE SUPPLY

SUPPORT/MOUNTING
'0 PLATE

CUTTING WIRE

SYNCHRO

MOTOR .TENSION

O LTAKE UP
LSLIDE

SYNCHRO \SHADOWGRAPHATRDRIVEN /

CASTER-
TYPE PULLEYS SHADOWGRAPH

AUXILIARY SCREEN

TABLE

SYNCHRO

WIRE GUIDE

X-Y I
MILLING Ii 

-  
-LULS

MACHINE WIRE TENSION
TABLE WEIGHTS

5
F

Figure 24. Reciprocating Wire Saw

MACHINING POLYSULFONE/KEV LAR PANELS

Fabrication of the two polysulfone/Keviar test panels was described on
page 13. Each panel was made with a different reiiforcing system -

one having woven fabric and the other a cross-plied unidirectional

reinforcement.

The woven Kevlar fabric/polysulfone panel machined easily using the same

tools that were acceptable for machining the woven Kevlar/epoxy panels;
however, a little care must be exercised to prevent generation of excess
heat. The unidirectional Kevlar/polysulfone test panel, on the other hand,

does not machine well using the tools in a normal manner. It was very
difficult to prevent delamination of the outer unidirectional plies on the

surfaces adjacent to the cut or hole. The only acceptable cuts were made by
using the nibbler and the water-jet. It is expected that the reciprocating
wire saw and the laser would work as well.

Acceptable holes were made only by casting plaster on each side of the

panel and drilling with the modified tip parabolic flute drill.
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l)urin_ Phase III nroduction wale-up, characteristics of hole drillin. ir
relation to the quality, cost, and tool durability were evaluated. f1ool lif,
Aiie r normal operating conditions, too life usin special in iat-rials.

,nd toLl life impro\ement when ising coolants aiiW sip( cial coJat v t,-,
evaluated.

Production application problen.s were also addressed and concepts were

developed for production n ,achining of complex air-craft co miopnot . :,l ,-
n~ation methods were studied and integration of automated machining into
labor efficient production lines was conceptualized.

DR I.l' I,-FE STUDY

Dtirjig Phase iI testin it \a- determined that the n,,,dified ti p Cdr ill bits
out-performed all other drill bits evaluated on this progranm. in irer t

determine relative productiott life expectancy of in dified tip drill bits \\ te
different materials in different configurations, three distinct bits \\ere

evaluated: high speed steel (JISS) standard twvist, cobalt standard tm\ist, and
HtSS parabolic flute. One hundred holes ,\ere drilled \\with each bit into aili
0. 18-inch-thick laminate. (See Figure 25. ) In all three cases the )ne-
hundredth hole had the same quality and took the same time to drill as the
first hole. The average tine for drilling each hole \'as C seconds. The
drills were cooled with wvater as frequently as \was necessary.

From these drilling exercises, it was concluded that the working life of the
modified HSS drill was adequate for most Kevlar laminate drilling operations.
The more expensive drill bit materials such as cobalt or solid carbide need
only be csed wh en drilling tEcvlar hybrids or combinations with fiberglass or
g raphite.

The modified parabolic flute drill was the least expensive and produced the
cleanest holes. This is probably due to its greater chip relief area.

MACIINING BACKTP, COOLANTS, AND COATINGS

Machining Backup - Even with the best of cutting tools some of the top and
bottom Kevlar fibers adjacent to the cut or hole may be broken loose when

machining without a backup. Ideally, the laminate should be clamped
between two flat plates of hardwood, or acrylic sheets. Laminates that
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Figuire 25;. D)rill FLxcrcis-e, 100 Holes

are machined with a down acting shear componenit, sucih as the circular

saw, band saw, or drill, pcrforni with less hottoi sidec fiber (lislocu-,tion

or de laminating if a backup hoard is uised.

Coolants - All Kevlar laminate cutting tools should b~e held helou% -,0
during machining operations to prevent svxell in- otf the cutt edgec. 'Ii'-a

generally be accoroplishenI by keeping the tool s;harp aiid told spet' at ilo\\

operating level. However, wkhen i axinom producu-ton i rewin ren a , lcanit

v~ill allow machining at a taste r rate.

Water has been found to he an inexpensive and enitirely sattistfactor\ colant

for INeviar laminato machining. It can he applied as ('itilr a1 spray orI

periodhic dlip.



Coating and Release Agents - Dry lubricants are useful on circular sa's,

band saws, drills, and countersinks. Dry lubricants prevent gallii and

allo, chips to move more freely without sticking to tie tool.

Tools riay also be coated with liquid release agents such as Release-all.
Best results are obtained by applying three coats of the release agelt and
then baking for 1 hour at 300'F.

Drill bushings are very damaging to drills, and drill guides (adapters \hich
locate the drill without touching the lands) should be used whenever possible.
Bushings, when used, should always be kept %%ell lubricated by using dry
lubricants or fluorocarbon sprays. New bushings should be broken in with
old drill bits.

PRODUCTION SCALE-UP AND AUTOMATION

Production Cutting System - The tedious tasks of trimming Kevlar compos-
ite. with saws and hand grinding are being eliminated by the use of optically
or numerically controlled machining equipment. The water-jet setup %\ith

either of these control systems could handle the thickness range investigated
in this program (0. 06 to 0. 38 inch) and eliminate the dust control problem
associated with cutting and grinding. The Phase II investigation indicated a
controlled feed water - jet has Ievlar laminate thickness cutting capabilities
up to approximately I inch. Figure 26 shows an optically controlled s4ysten,
for water-jet cutting flat Eevlar laminates, and Figure 27 shows a biaxial,
tape controlled Nater-jet trimming systeni.

Robotics - The employment of lightweight robotics for the trinming and
drilling of complex Kevlar parts is in the early stages of developmrent.
Present off-the-shelf equipment lacks the necessary precision needed for
jig-free machining. However, considerable effort is beino expended by
the robotics industry to develop the necessary precision and repeatability.

It is noted that the m illing, ro Ating, drilling, and countersinking tools
identified in Phase II would be suitable for robotic machining, as \oold
the laser and the ,\ater-jet.

Figure 28 sho\s a typical robotic station employing a rotary cutter.
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I i, ur c2 8. Robotic I riii. >totion

I.NTFGRATION 017 ACTONIATION INTO IDA(l)CN10IF:

PRODUlC:TION LINES

-1 ht performance e"Valuiation in the first segmen1'It of this pro- ran, has snco ')
hat tools and equi pm ent pres e nil y avai labi e haye sunit able qual ity arind

dutrability for incorporation into autLomlated prochictimn lines. TlI,.,s(, ()I' a
spray mist of water will be adh'(inatc, in wmst cases to keep the tools , l)
anid achieve, long tool life'. lBoth the water-jet and the, laser apiwar to C

adaptable to automated inachininc,.

In this section \\ e v~ill (liscuss the integration ()f automnatedl Iheyvlor coiinpw- tc

n achiniing equipmnent, into typical auitomiatedi composite fabricatin- Ii: n's.. I tic
discuission can best be presentedi by breaking, it into three paragraTnhs:

" 1Present Day - quimpole iA available for prod c:tio n today.

" VNar Term - Vquipment, that \\ill be available, in -yat>

" Future -Equipment that ,vill 6e 1)rO(hi,-ictOire in1- ers



Pre sent [)av - Presently availabhl, art. th ,in m -rical control (N /C ) (tape

controlled) and optical tracin(, trimmin,,C jui .nlt. Fipurc Z.( shows a fi\,-
,t"! N/( \\ater- jet triinniin statioii iiltceoratcd iito a present-day productiw!.
1V:e aiu \ith an N/C controlled pattern c:iLter.

Near Term - In the near tern, the automated composite production line is
expected to incorporate computer storage and self-contained tooling. The
contribution in the automated nachining area in addition to N/C machining
will be robotic drilling. As near-term robotics will not yet have the accuracy
and repeatability for precision aircraft hole patterns, this equipment will
be used in conjunction with drill templates for accurate location. Figure 30
shows the robotic di illing station integrated into the composite production
line as well as the N/C trimming station.

Future - Future composit, production lines will further reduce costly labor
by introducing robotic handling, automated curing, and automated non-
destructive testing. The automated machining contribution will be in the
form of robotic trimming and drilling of sufficient accuracy such that no
trimming or drilling jigs will be required. Figure 31 shows the future
composite production line with the automated production equipment inte-
grated into the sy3tem.

0 STORAGE

X-v N/c MATERIAL
CUTTING TABLE LAYUP

IVE-AXIS I
WATER-JET
TRIMMING

OVEN

DRILL PRESS AUTOCLAVE PRESENT-DAY

FLOW DIAGRAM

TO INSPECTION
AND STORES

1 igure -9. Present-Day Automated Composite Production Line
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COMPUTER

ii

~CUTTING/

DRILLING

, L WATER-JET

OVEN

TO INSPECTION CONTAINED
AND STORES AUTOCLAVE TOOL

Figure 30. Near-Term Automated Composite Production Line
6
F ROBOTIC

ROBOTIC FREEZER H L

HANDLINGO

N/C MATERIAL CUTTING ROOTIC
LAY UP

VACUUM
CUP HANDLING

DTRI L & DRI

L 41

SELF-CONTAINED

TOOLING

\mu AUTOMATED
NONDESTRUCTIVE

STESTS TO STORES

FigLirt- I1. Future Automated Composite Production Line
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1.1N(_I,I',JON.' AND tQECI 1K INDA[ IONS

The techu, lo-y su rvey oft current tools and pi'r tict. perforn ed duriilg t i

pro,,ran snto\\s that for inaiiv applications existing tools and tch nol ,y ; re

ad(e,.,ate. In the area of cottui,, recoinimendeo tools and practices ar,.

adequately developed atoi verified for cutting of raxv inaterialV. (yarn.,s

rovings, and pre-impregnated fabrics). 1hocver, ditring the evaluati).

phase of this program, many of the reconniewlded tools for cutting lamitiatts

proved ineffective for laninate s reinforced with Kevlar 4. .otable ex cep-

tions were the laser, \\ater-jet, and reciprocating \\ir(, sa%\.

In the area of nachini ng of cured Kevlar/epoxy and Kevlar/polsul fon ,

laminates (drilling, countersinking, counterboring, and mnilling operations)

special tools are required in nany cases and onIv a limited range (,f feeds

and speeds may be successfully used. Particular attentio n-.ust be given to

cutting the (,uterrnost layers of the cornposite laminate. Many of the tools

reconm,,ei(ed for these operations \\ere found to have linited cost effec-

tivene ss in a prodcction enviroinent.

Evaluation of cutting tools and systens u as followed by a study of advanced

nachining methods that are presently beimg introduced and those envisioned

for the future. Near-term applications such as multi-axis and automated

trimming and robotic drilli ng were found to be in the initial stages of

development. Both the water-jet cutter and the laser that were found to be

efficient cutting systems for both Kevlar/epoxy and Kevlar/polysulfone

laminates may be readily adapted for automated trimming systems.

Outstanding problems on which resources could be allocated and approaches

recommended include the following:

a. Complex Shapes

IKcvlar machining activity to date has concentrated on the rmachining

of simple shapes which are either that or of sienh' contour. Tech-

niclues for machininig the compl,'x sha ps found commonbly anong

aircraft component s a re needed.

b. Thick Laminates

The present prutrai perforI l e o.- -m n,- it l l rtate
Up to 0. 18 inch t hi ci , 1nd I tin'te! - . I Ir1 te. I P

to 1.0 inch thick. Additionai te - , . ',op !c , h-

o que.s to ctit anid it acine lii it -i I --inatl tkto s

for both straight an ron)tplex -uts.



C Aitmwated T riin i ing

in orde r to Pus l for%\ i1 rdl the concepts alIreadV' Under inIi tialI tl\,
tw \o a reas need ine stiguation and( deve lo pme nt.

1.Univ\e rsal, aluomated trimi stations with capabhilit ies for
tr iming diifferien t Con1figrations ()f con pl ex parts

.2. Specialized trim stations with a ccunrate, low'-cost tnL ).s
de signed for automated trin ii ing (, a specific part (apnpli -

cable to inline production tooling)

d. Routing /NMilling Techniques

The routing/milling tools dleveloped under this prOg raml have
characteristics (rough cut, required precise cuIter positioning 1

that limit their use. Fu rther work is needed to inca te /de ye inp
miore versatile Cutters.



APPENDIX A

LITERATURE SURVEY

PAMPHLETS AND CONFERENCES

"A Solution to the Problem of Drilling Reinforced Plastics"
35 Annual Tech Con. 1980
Reinforced Plastics/Composites Inst.
Society of the Plastics Ind. Inc.

"Fabrication of Low-Cost Primary Aircraft Structures with Thermoplastic
Composites'"
Bicentennial of Materials
Processings, Oct 12-14, 197o

"Problems in Testing Aramid/Epoxy Composites"
Lawrence Livermore Lab, L.I. Clements

"Cutting and Machining of Kevlar Aramid and Its Composites"
Louis H. Miner, Frank T. Penoza
2 1st National Symposium SAMPE
Apr. 1976

"Producibility Aspects of Advanced Composites for an L-1011 Aileron"
Society of Manufacturing Engineers
20501 Ford Rd.
Dearborn, Michigan 48128

"The History and Present Status of Synthetic Diamonds"
K. Nassau, Bell Labs
Murry Hill, NJ 07974

"Polycryshalline Diamond: The Uptime Tooling"
MAN Technical Report
Feb. 1981

"Nontraditional Machining Guide"
Machinability Data Center MDC76-101
Dept. of Defense Information Analysis Center
4-7-81

"Advanced Laser Cutting for Metal and Other Materials"
Society of Manufacturing Engineers AD 80-258
S.A. Ali, Hughes Aircraft
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PAMPHLETS AND CONFERENCES (CONT)

"High Performance Aramid Fabric with Kevlar 29 and Kevlar 49"

Ind. Textiles Div., Fothergill and Harvey

Lancashire, England (1976)

"Cutting by Water Jet"
Society of Manufacturing Engineers MR 80-902
Dr. J. Olsen, Flow Ind. Inc.

"Thermal Machining Processes"
Society of Manufacturing Engineers
L. of C. Cat Card No. 79-62917

"Kevlar Composites"
Kevlar Composites Symposium
December 2, 1980, El Segundo, CA

"Lasers in Modern Industry"

Society of Manufacturing Engineers

L. of C. Cat Card No. 79-66705

'International Industrial Diamond Conference"
Industrial Diamond Assoc. of America
October 1969, Chicago, IL
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"New NDE Techniques Finds Subtle Defects'

Materials Engineering

Sept. 1980, Vol. 59

'Using Water as a Cutting Tool'

American Machinist
April 1980 Pg. 123-126

'Industrial Tools for Cutting Kevlar"
Airtech International Inc.

P.O. Box 2930, Court %I-I
Torrance, CA 90509

'ALuton Iattio, Holds the lIc v o 'uttire of Composites"

Product Fngineering
Sept. 22, 1969, Pg. 52 and 53

"Outline of Machining Tips for Graphite Composite"

Product Engineering - P. West

40:52, Sept. 22, 1969

"Diamond Tools Solve New Machining Problems''
by Robert N. Stauffer

Manufacturing Eng. Jan. 1979
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GOVERNMENT-SPONSORED STUDIES

"Producibility and Serviceab.lity of Kevlar - 49 Structures Made on Hot
Layup Tools"
Hughes Helicopters, Inc. DAAG46-74-C-0100, Apr. 75
Head, Leach, Goodall, Sitterly

''Laser Welding and Cutting of Metals''
Proposed Mfg. Methods and Tech. Prograni for ')79

Hughes Helicopters, Inc.

"Manufacturing Methods for Cutting, Machining and Drilling Composites'
Vol. I, Composites Machining Handbook,
Vol. I, Test and Results
AFML-TR-78-103 Vol. I and Vol. IT, August 1978
Grumman Aerospace Corp.
Bethpage, N.Y. 11714

"Characteristics of Laser Cutting Kevlar Laminate"
R.A. Van Cleave, Jan. 1979
Prep for Dept. of Energy Contract DE-AC04-76-DP00613
Bendix, Kansas City Div.

"Manufacturing Methods for Machining Processes for High Modulus
Composite Materials"
Vol. I, Composite Machining Handbook, Born
General Dynamic AD-766-332
AFML-TR-73-1Z4, Vol. I, May 1973

Same as Above
Vol. II Material Removal Tests and Results, F. Hanley
Convair Aerospace Div. Fort Worth
AFML-TR-73-124, Vol. II, May 1973

"Ultrasonic Machining"
Technical Report AFML-TR-73-86
April 1973, W. Grauer
Grumman Aerospace Corp.

"Laser Cutting of Kevlar Laminates"
R.A. Van Cleave, Bendix Corp., Kansas City
September 1977, BDX-613-1877
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GOVERNMENT-SPONSORED STUDIES (CONT)

"Ultrasonically Assisted Machining of Aircraft Parts"

J. DeVine, P.C. Krause - Sonobond Corp.

AVRADCOM Report No. TR80-F-18, October 1980

"Study of the Influence of Hole Quality on Composite Materials'
J.J. Pengra, Lockheed, CA

Contract NASI-15599, February 1980

"Investigation of Hole Preparation and Fastener Installation for Graphite/
Epoxy Laminates"
E.F. Condon, McDonnell Aircraft

Tech Report N00019-79-C-0293

Design Guide Handbook

Efficient Machining Methods and Cutting Tools for Kevlar Composite
Laminates

Hughes Helicopters, Inc., Nov 1981

Contract No. DAAK51-81-C-0008

48



VENDOR LITERATURE

"Industrial Tools for Cutting Kevlar Fabric and Laminates"

Pen Associates, Inc.
2639 W. Robino Drive
Wilmington, Del. 19808

"Speciality Tools for Machining Fiber Reinforced Composite Structures"
Technology Assoc. Inc.
P.O. Box 7163
Wilmington, Del. 19803

"A Guide to Cutting and Machining Kevlar"
DuPont, Inc. Textile Fibers Dept.
Centre Rd. Building
Wilmington, Del. 19898

"Environmental Effects on Aramid Composites"
DuPont, Inc., Textile Fibers Dept.
Centre Rd. Building
Wilmington, Del. 19898

"Cutting Fabric, Prepreg and Kevlar Aramid"
Sept. 19, 1975
DuPont Textile Fibers Dept.

F
Centre Rd. Building
Wilmington, Del. 19898

"Laser Shop Cutting"
MG Cutting Systems
Dw of CLR-0 Inc.
W1441 N 9427 Fountain Blvd.
Menomonee Falls, Wis. 53051

"Cutting With Wire"
Laser Technology, Inc.
10624 Ventura Blvd.
No. Hollywood, CA 91604

"Flow Technology Report No. 7 Waterjet Cutting of Advanced Composite
Materials"
Flow Industries, Inc.
Z1414 68th Ave. South
Kent, Washington 98031
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VENDOR LITERATURE (CONT)

Laser Inc. Sub of Flow Industries, Inc.

'Lasers for Industry"

"Everpulse and Everlase Machine Tools PR 980'
"Everlase, Laser Machine Tools'

Coherent Inc.

3210-C Porter Dr.

Palo Alto, CA 94304

"Weldon Tools Cat No. 12"
"Weldon C.S. and Deburring Tools"

Weldon Tool Co.

3000 Woodhill Rd.

Cleveland, Ohio 44104

"Hendricks Panel Saws"
Hendrick Mfg. Corp.
32-36 Commercial St.

Salem, Mass 01970

"Grit-Edge Tungsten Carbide Saw Blades"
Abrasive Product Sale

Remington Arms Co., Inc. 7

939 Barnum Ave.

Bridgeport, Conn. 06602

"Special Carbide Tipped Tooling"

Guhring, Inc.

1445 Commerce Ave.
Brookfield, WI 53005

"Industrial Diamond Tool Blanks"

Megadiamond Ind. Inc.
3418 N. Knox Ave.

Chicago, III. 60641

"Bendix Drill"
Bendix Ind. Tools Div.

"High Speed Steel End Mills"

Crest-Kret, Multi-Flute
Weldon Tool Co.

3000 Woodhill Rd.

Cleveland, Ohio 44104
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VENDOR LITERATURE (CONT)

"Acra-Bore"

Roase-Acia Tools
2212 N. Wayne Ave.
Chicago, Ill. 60614

"High Pressure Water Jet Technology - Principles and Applications'

T.J. Labus, IIT Research Inst.

"Suggestions for Machining Scotchply" B78-2

Industrial Specialties Div. , 3-M

Saint Paul, MN
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APPENDIX B

VENDORS/DEVELOPERS VISITED DURING

PHASE I LITERATURE SEARCH

* Pen Associated, Inc. , Wilmington, Delaware
(F. Penoza)

" Technology Assoc., Inc. , Wilmington, Delaware
(J. Madden)

" Kevlar Special Products, E. I. DuPont, Wilmington, Delaware
(K. Keith)

* Laser Technology, Inc., North Hollywood, California
(H. McLaughlin)

* Airtech International, Inc., Carson, California
(R. Moore)

* Grumman Aerospace Corp., Bethpage, N.Y.
(S. Trink)

* J.K. Smith Diamond Industrial Products, Philadelphia, PA
(R. Sgro)

" Flow Industries, Kent, Washington
(H. Parks)
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APPE-NDIX C

MACHINE AND TOOL SOURCES

Nibbler

Bosch Model 7501

Robert Bosch Corporation
2800 South 25th Avenue
Broadview, Illinois 60153

Triumph America Inc.
Farmington Industrial Park
Farmington, Conn. 06032
(2 03) 6 77 -9741

Wire Cutter

Laser Technology, Inc.
10624 Ventura Blvd.
North Ho .ywood, CA 91064
(2 13) 763 -7091

Water Jet Cutter

Flow Systems, Inc.
21414 - 68th Ave. South

Kent, Washington 98031

(206) 938-FLOW Telex: 152983

Mill Cutter

Airtech International, Inc.
2542 East Del Amno Blvd.

P.O. Box 62 07
Carson, CA 90749
(213) 603-9683 Telex: 194757

Circular Saw

Simonds Ref. No. 08882

Simond Cutting Tools
15619 Blackburn Ave.
P.O. Box 505
Norwalk, CA 90650
(2 13) 802 -2 689
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Drills

Airflute 11S.S -nd Airtip Solid Carbide

Airtech international, Inc.
2542 East Del Amo Blvd.

P.O. Box 62 07

Carson, CA 90749

(213) 603-9683 Telex: 194757

Band Sav

The L.S. Starrett Company

Athol, Maine 01331

Simonds International

Fitchburg, Massachusetts 01420

(617) 343-3731 Telex: 928414

Finishing Wheel

Scotch-Brite 4" General Purpose

Building Service and Cleansing

Productions Division/3M

3M Center
St. Paul, Minnesota 55101

Special Tools - Sabre Saw Blade and Opposed Helical Router

Pen Associates, Inc.
3639 W. Robino Drive
Wilmington, DE 19808

(302) 995 -6868

Airtech International, Inc.
2542 East Del Amo Blvd.

P.O. Box 62 07

Carson, CA 90749

(213) 603-9683 Telex: 194751

Carbro Corporation (Router Only)

15724 Condon Ave.
Lawndale, CA 90260
(213) 675-0355
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